Antigenic Determinants of Influenza Virus Haemagglutinin. Vl. Antigenic Characterization of the Oligosaccharide Sidechains from HA 1 of Influenza Virus Haemagglutinins (Accepted 22 July 1980) SUMMARY The oligosaccharide sidechains attached to the major polypeptide, HA~ of the haemagglutinin of influenza virus were examined for antigenic activity u~ing a solid-phase radioimmunoassay. Cross-reactivity between the HA 1 of different human subtypes was clearly demonstrable with IgG raised against purified virus but was abrogated if anti-carbohydrate antibodies were first removed by passage of the IgG through an immunoadsorbent column containing haemagglutinin (HA) from an unrelated avian influenza strain. Antibodies eluted from the column were found to cross-react with the HA 1 of all subtypes tested. 'Host antigen' extracted from chick chorioaUantoic membrane and coupled to Sepharose was also able to remove cross-reactive antibodies from antiviral sera, while antibodies raised against host antigen bound to the HA1 isolated from each subtype tested. It is concluded that, although there are qualitative and quantitative differences between the oligosaccharide sidechains of influenza haemagglutinins, the antigenically active sidechains are cross-reactive.
The attachment of carbohydrate sidechains to the polypeptide backbone of virus glycoproteins is directed by the host cell's repertoire of glycosyl transferases (for review, see Compans & Klenk, 1979) . Although the amino acid sequence of the virus-coded polypeptide plays a central role in determining the sites at which glycosylation occurs, the oligosaccharide sidechains are characterisitic of the host cell type in which the virus is grown.
The influenza virus haemagglutinin (HA) is a glycoprotein of which some 16 to 24% by weight is carbohydrate depending on the strain of virus (Waterfield et aL, 1979) . Most of the carbohydrate is associated with the 'heavy chain' (HA~) of the HA molecule where it occurs in the form of 4 to 6 separate oligosaccharide units (Schwarz et al., 1977 (Schwarz et al., , 1978 Collins & Knight, 1978; Nakamura & Compans, 1978 covalently attached to the polypeptide through N-glycosidic linkage to asparagine residues (Keil et aL, 1979; Waterfield et aL, 1979; . Although the same four sugar residues, N-acetylglucosamine, galactose, mannose and fucose are found on the HA of all strains so far studied, the chemical composition of the oligosaccharide sidechains varies with virus strain and with cell of origin (Compans et aL, 1980; Klenk, 1980) . Serological studies of these oligosaccharide sidechains have been restricted largely to the demonstration that influenza virions or HA react with antisera raised against 'host antigen' (Knight, 1944; Harboe, 1963; Laver & Webster, 1966) which is a sulphated mucopolysaccharide extracted from chorioallantoic membranes or allantoic fluid (Haukenes et al., 1964; Howe et aL, 1967; Lee et al., 1969) . Subsequently, Compans & Pinter (1975) and Schwarz et al. (1977) (Jackson et al., 1979a, b) . As part of a study aimed at describing the antigenic structure of influenza virus haemagglutinin, we decided to determine whether the chemical differences recently described in the oligosaccharide sidechains of HA from different influenza virus strains (Compans et al., 1980; Klenk, 1980; are accompanied by corresponding antigenic differences.
The influenza viruses in this study were A/Bel/42 (HON1) and the 'recombinants' (obtained by genetic reassortment): A/Jap/305/57(H2)~A/Bel/42(N1); A/Memphis/ 102/72(H3)-A/Bel/42(N1) and A/shearwater/E.Aust/l/72(Hav6)-A/Bel/42(N1). These viruses are referred to as Bel, JapH-BelN, Memn-Bel N and ShH-Bel N respectively. All viruses were grown in the allantoic sac of 10-day-old embryonated chicken eggs, then harvested and purified according to the method of Laver (1969) . The HA of individual virus preparations was prepared by electrophoresis on cellulose-acetate blocks (Laver, 1964) and HA 1 was prepared according to the method of Laver (1971) . Polyacrylamide gel electrophoresis of HA preparations in the presence of SDS under reducing conditions revealed the presence of two stained bands corresponding in mol. wt. to 45000 and 30000. No other proteins were detected. By this method, HA 1 preparations contained only a single staining polypeptide of mol. wt. 45 000.
Antisera to intact virus were raised in outbred New Zealand rabbits (over a period of 3 months) by subcutaneous and intramuscular inoculations of 5 mg purified virus emulsified in Freund's complete adjuvant in four doses. Pure IgG was obtained from rabbit sera by affinity chromatography on a column of protein A covalently coupled to Sepharose 4B (Pharmacia South Seas Pty, N.S.W., Australia) according to the method of Goding (1976) . Antibodies were stored in phosphate-buffered saline containing 0.1% (w/v) sodium azide (PBSA).
Immunoadsorbents were prepared by covalent coupling of purified shearwater HA or proteins obtained from the allantoic fluid or chorioaUantoic membranes of 14-day-old embryonated eggs to cyanogen bromide-zctivated Sepharose 4B (Pharmacia South Seas Pty) according to the manufacturers method. The immunoadsorbent gels were stored in PBSA at 4 °C when not in use. Pure antiviral IgG was introduced to the immunoadsorbent columns, which were then washed with PBSA and the effluent monitored continuously for its absorbance at 280 nm (A2a0). When the effluent A2a 0 reached background level, bound IgG was eluted with 0.1 M-acetic acid in saline. The eluate was immediately adjusted to pH 7.4, and antibody preparations concentrated by vacuum dialysis against PBSA.
The radioimmunoassay used has been described in full elsewhere . Wells of a polyvinyl microtitre plate (Dynatech Laboratories, Alexandria, Va., U.S.A.) were treated with a solution (100 ~tl at 5/~g/ml in PBSA) of HA r After incubation in a humidified atmosphere at room temperature for 3 h, the solution was aspirated and 250/~1 of a solution (10 mg/ml in PBSA) of bovine serum albumin (BSA) added. This treatment allows areas of plastic not occupied by antigen molecules to adsorb the (antigenically irrelevant) BSA. After holding at room temperature for 1 h, the wells were washed in PBSA containing 0.05 % (v/v) Tween 20. Dilutions of IgG were prepared in PBSA containing 5 mg/ml BSA, 0.05 % Tween 20 then 100/21 amounts were added to individual antigen-coated wells. Microtitre trays were then held at room temperature in a humidified atmosphere for a period of 18 h, after which time the antibody was aspirated, the wells washed and bound IgG detected by the addition of radioiodinated protein A (100/~1, usually containing 2 ng 125I-protein A of sp. act. 15/tCi//tg diluted in PBSA containing 5 mg/ml BSA, 0.05 % Tween 20). After a period of 1 h, wells were washed and excised before radioactivity was detected in a Packard scintillation spectrometer.
Using this radioimmunoassay the serological cross-reactivity of haemagglutinin from all three human and one avian subtype of influenza virus was examined. The results (Fig. 1 a, Serial dilutions of IgG were prepared and 100 #1 amounts were added to wells of a polyvinyl microtitre tray which had been coated with HA 1. After incubation, the wells were washed, then radioiodinated protein A (2 ng in 100/11) added. After 1 h, wells were washed once again, excised and bound radioactivity determined. A control titration was routinely carried out in which the wells were coated with B SA instead of HA1; negligible radiolabelled protein A was bound in every instance.
• •, Mem HA1; ~ III, Jap HA~; O------O, Bel HA~; 0 0, Sh HA r The IgG used was prepared from (a) anti-(Memn---Belr~) serum; (b) anti-(JapM-BelN); (c) shearwater HA-adsorbed anti-(Memn-BelN) and (d) shearwater HA-adsorbed anti-(Japn-Belr~ ). Each IgG was diluted starting from 2 mg/ml. The IgG from anti-(Memu-Belr~ ) (e) and anti-(Japn-BelN) (jr) which bound to the shearwater HA immunoadsorbent was eluted with 0.1 M-acetic acid, neutralized, immediately adjusted to the volume of the original sample and also tested for binding to HA~. clearly indicate that each virus is capable of eliciting antibodies which can bind to HA x from heterologous subtypes. In this assay, the lateral displacement between parallel curves provides a measure of the differences in titre that the antibody exhibits for different antigens, whereas differences in slope reflect different affinities of antibody for antigen. Fig. 1 (a, b) shows that, although the highest antibody titre is observed against homologous antigen, there is nevertheless substantial activity against all the heterologous antigens. The similar slopes of all the curves suggest that the cross-reactive antibodies in each antiviral preparation have similar affinities for the antigenic determinant(s) that they are recognizing and furthermore these determinants are cross-reactive. The latter point was investigated further by passing antiviral IgG through a column of shearwater HA covalently attached to Sepharose 4B. The effluent IgG was then tested for its ability to react with the four HA, subtypes. The results for anti-(Memn-BelN) and anti-(Japn-BelN) (Fig. 1 c, d ) show that adsorption with the HA of one heterologous (avian) subtype removes the antibody that is cross-reactive for each of the other subtypes. Similar results were obtained for anti-Bel IgG (data not shown). Moreover, when the antibody binding to shearwater HA was subsequently eluted and titrated against each HA 1, cross-reaction was again observed between the various heterologous HA,s (Fig. le, f) . Apparent subtle differences in affinity and titre may reflect small differences in the number and/or structure of the determinants.
Short communications
Taken together, these various lines of evidence suggest that the HA, of all four subtypes share at least one antigenic determinant. As there is no evidence in the literature of serological cross-reactivity between the haemagglutinins of all four of these quite different subtypes, it seemed likely that the observed results were attributable to cross-reactive carbohydrate sidechains.
In order to test this, an antiserum was raised against uninfected chorioallantoic membranes. Antibodies raised in this way are known to cross-react with influenza virus by reaction with the carbohydrate (Laver & Webster, 1966) . IgG prepared from this serum was titrated against each HA, subtype. The results of this experiment (Fig. 2) show that this antibody preparation bound to high titre against each HA 1 subtype tested.
Similar results to those obtained using shearwater HA as an immunoadsorbent were obtained when an extract of chorioallantoic membranes or lyophilized allantoic fluid from uninfected eggs was covalently coupled to Sepharose 4B. These host antigen immuno-adsorbents, which almost certainly do not contain polypeptide that cross-reacts with HA, were also capable of removing cross-reactive antibody. Furthermore, the binding of anti-(Japn-BelN) or anti-(Memn-Bel N) IgG to heterologous HA was abolished when 'host antigen' prepared according to the method of Laver & Webster (1966) was present in the assay. All of these findings indicate that the antigenic cross-reactivity observed between the HA 1 of these several influenza subtypes is attributable to carbohydrate.
These results indicate that the antigenic oligosaccharide units attached to the HA 1 of all the human subtypes of influenza virus are antigenicaUy related to one another and to the single avian subtype tested, as well as to the chick allantoic 'host antigen'. Indeed, similarities in the binding curves suggest that the antigenic determinants on these carbohydrate sidechains could be identical although minor differences may be present.
These findings can be considered in the light of recent biochemical data on the composition of the carbohydrate sidechains of the influenza virus haemagglutinin. The majority of these oligosaccharides are attached to the 'heavy chain', HA1 (Compans et al., 1980; Klenk, 1980; Waterfield et al., 1979) . They fall into two main categories: the N-acetyllactosamine type (also known as type I, or complex) and the oligornannoside type (type II, simple, high mannose or mannose-rich); the former contains N-acetylglucosamine, mannose, galactose and fucose, whereas the latter consists solely of N-acetylglucosamine and mannose (Compans et al., 1980; Klenk, 1980; . Considerable heterogeneity occurs within each of the two oligosaccharide types (Compans et al., 1980; Klenk, 1980) . The amino acid sequence of the HA of the particular strain of virus not only determines the number of potential glycosylation sites but also affects the type of oligosaccharide sidechains attached to particular sites. Nevertheless, micro-heterogeneity occurs even within the oligosaccharides attached to the corresponding glycosylation site on different HA molecules (Compans et al., 1980; Klenk, 1980) . The species of host cell in which a particular strain of virus is grown also affects the nature of the oligosaccharide units, but these variations appear to be restricted to type I sidechains (Klenk, 1980) . Not all the carbohydrate sidechains attached to influenza HA are antigenic. We have previously presented evidence that, although the peptide, CN3, derived from the HA~ of A/Memphis/102/72 (H3N2) by cyanogen bromide cleavage, is immunogenic (Jackson et al., 1979 a) , it does not elicit antibodies capable of cross-reacting with virus of a different subtype nor does it react with antibodies raised against 'host antigen' despite the fact that it carries carbohydrate . Preliminary evidence indicates that only certain oligosaccharide units are antigenic in influenza HA; these are of the N-acetyllactosamine type and are often, perhaps necessarily, sulphated (Downie, 1978) .
The oligosaccharide sidechains attached to the HA~ of the several influenza subtypes tested are antigenically similar, perhaps identical. Recent evidence that the number of sidechains differs from one virus strain to another (Compans et al., 1980; Klenk, 1980; and that only some of these are antigenic raises the question of whether particular sidechains are antigenically distinct. Experiments with hybridoma antibodies are currently in progress to resolve this matter.
